Stress-induced Hfq-binding small RNAs of Escherichia coli, SgrS and RyhB, down-regulate the expression of target mRNAs through base-pairing. These small RNAs form ribonucleoprotein complexes with Hfq and RNase E. The regulatory outcomes of the RNase E͞Hfq͞small RNA-containing ribonucleoprotein complex (sRNP) are rapid degradation of target mRNAs and translational inhibition. Here, we ask to what extent the sRNP-mediated mRNA destabilization contributes to the overall silencing of target genes by using strains in which the rapid degradation of mRNA no longer occurs. We demonstrate that translational repression occurs in the absence of sRNP-mediated mRNA destabilization. We conclude that translational repression is sufficient for gene silencing by sRNP. One possible physiological role of mRNA degradation mediated by sRNP is to rid the cell of translationally inactive mRNAs, making gene silencing irreversible.
I
ncreasing numbers of small noncoding RNAs are showing up as regulators of gene expression in both prokaryotes and eukaryotes. In Escherichia coli, the members of a major class of these RNAs act with the help of the RNA chaperone Hfq to regulate translation and͞or stability of target mRNAs through base-pairing (1) (2) (3) (4) . SgrS and RyhB are two examples that have been shown to mediate destabilization of target mRNAs in an RNase E-dependent manner. SgrS, whose expression is induced in response to phosphosugar stress, acts on the glucose-specific transporter of the phosphotransferase system (ptsG) mRNA encoding a major glucose transporter (5, 6) , whereas RyhB, whose expression is induced in response to Fe depletion, acts on several mRNAs encoding Fe-binding proteins (7, 8) . We have discovered recently that both SgrS and RyhB RNAs form complexes with RNase E through Hfq (9) . The ribonucleoprotein complex consisting of Hfq, RNase E, and SgrS or RyhB RNA can be called sRNP (small RNA-containing ribonucleoprotein complex) that specifically down-regulates target genes at posttranscriptional levels through RNA-RNA base-pairing.
Although it is firmly established that the bacterial sRNP acts to destabilize target mRNAs, it is not yet clear to what extent the sRNP-dependent mRNA destabilization contributes to the overall silencing of target genes. In other words, it has not been tested experimentally whether sRNP could inhibit the translation of target mRNAs independently from mRNA destabilization in vivo. These two events are intimately coupled; mRNA degradation will certainly cause loss of translation, and inhibition of translation can lead to destabilization of an mRNA by exposing it to RNases (10, 11) . Thus, the relative roles of direct translational repression and mRNA destabilization in gene silencing mediated by bacterial sRNP is a chicken-or-egg question: which is the primary event? Previously, we found that the truncated RNase E lacking the C-terminal scaffold region no longer supports the rapid degradation of target mRNAs mediated by SgrS or RyhB RNA (9, 12) . This finding has provided us with an excellent opportunity to examine experimentally this important question. In the present study, we address the question of how sRNP-mediated mRNA destabilization contributes to the overall gene silencing of target genes. We demonstrate that translational repression of target mRNAs occurs in the absence of the rapid mRNA destabilization. The logical conclusion is that translational repression is sufficient for gene silencing by bacterial sRNP. One possible physiological role of mRNA degradation mediated by sRNP containing RNase E would be to get rid of the translationally inactive mRNAs, making gene silencing irreversible.
Results

SgrS-Mediated Gene Silencing of ptsG Occurs in Cells Carrying the
Truncated rne Gene. The addition of glucose to cells lacking phosphoglucose isomerase (pgi) or the addition of ␣-methylglucoside (␣MG) to wild-type cells rapidly generates phosphosugar stress, resulting in induction of SgrS, which in turn leads to destabilization of ptsG mRNA (5, 13). The rapid degradation of ptsG mRNA under phosphosugar stress no longer occurs in cells carrying rne701 encoding a truncated RNase E missing the C-terminal scaffold region (9, 12) . To evaluate the contribution of the rapid degradation of ptsG mRNA mediated by SgrS to gene silencing, four different strains (rne-FLAG, rne701-FLAG, ⌬pgi rne-FLAG, and ⌬pgi rne701-FLAG) were grown in LB medium and exposed to glucose for 20 min. We showed previously that the C-terminal FLAG tag does not affect the activity of either full-length or truncated RNase E (9). Total RNAs were prepared and subjected to Northern blotting with the ptsG probe. The ptsG mRNA was stably expressed in both the rne-FLAG and rne701-FLAG cells in the pgi ϩ background (nonstress condition: no induction of SgrS) (Fig. 1A, lanes 1 and 3) . Little full-length ptsG mRNA was detected in ⌬pgi rne-FLAG (stress condition: induction of SgrS) because of the rapid destruction mediated by sRNP containing SgrS, whereas the ptsG mRNA was well expressed in ⌬pgi rne701-FLAG cells (Fig. 1 A,  lanes 2 and 4) . These results are consistent with the previous results (9, 12) . Because 20 min is not enough time to see the effect of phosphosugar stress on the expression of IICB Glc , the four strains were further exposed to glucose for 2 h. Total RNAs were prepared and subjected to Northern blotting. Again, little full-length ptsG mRNA was detected in ⌬pgi rne-FLAG, whereas the ptsG mRNA was still expressed in ⌬pgi rne701-FLAG cells although at a reduced level (Fig. 1B, lanes 2 and 4) . The reduction of ptsG mRNA by long-term (2 h) glucose exposure in ⌬pgi rne701-FLAG cells suggests that prolonged phosphosugar stress affects the expression and͞or stability of ptsG mRNA by some mechanisms that do not require the C-terminal scaffold region of RNase E.
We next analyzed the effect of phosphosugar stress on IICB Glc expression. Crude extracts were prepared from cells exposed to glucose for 2 h and subjected to Western blotting for IIB Glc . IICB Glc was stably expressed in both the rne-FLAG and rne701-FLAG cells in the pgi ϩ background (Fig. 1C, lanes 1 and 3) . The level of IICB Glc was dramatically reduced in ⌬pgi rne-FLAG cells exposed to glucose because of the action of SgrS (Fig. 1C, lane  2) . Interestingly, the expression of IICB Glc was still strongly inhibited in ⌬pgi rne701-FLAG cells expressing the C-terminally truncated RNase E-FLAG (Fig. 1C, lane 4) . A more quantitative analysis of IICB Glc level indicated that the phosphosugar stress causes Ϸ10-to 20-fold reduction of IICB Glc levels in both rne-FLAG and rne701-FLAG cells under this condition (data not shown). These results suggest that SgrS inhibits the translation of ptsG mRNA in the absence of rapid message degradation.
SgrS Inhibits the Translation of ptsG mRNA. To examine directly the effect of the SgrS-mediated rapid mRNA destabilization on translation, we analyzed biosynthesis of IICB Glc by pulse-labeling and immunoprecipitation (IP) experiments just after the induction of phosphosugar stress where no reduction of ptsG mRNA is expected to occur. For this process, we first constructed a ptsG-FLAG gene encoding the C-terminally FLAG-tagged IICB Glc . The plasmid-borne ptsG-FLAG gene was introduced in three different strains (rne-HA, rne701-HA, and rne-HA ⌬sgrS). As previously shown, the C-terminal hemagglutinin (HA) tag does not affect the activity of either full-length or truncated RNase E (9). In addition, we confirmed that the ptsG-FLAG allele could rescue perfectly the ⌬ptsG cells, indicating that the C-terminal FLAG tag does not affect significantly the activity of IICB Glc (data not shown). Cells were grown in M9-glycerol medium without methionine and exposed to either glucose or ␣MG for 10 min. Then, cells were treated with [
35 S]methionine for 1 min, and the total proteins were analyzed by SDS͞PAGE followed by autoradiography. A marked difference was observed in the profile of newly synthesized proteins between the normal (ϩglucose) and stress (ϩ␣MG) conditions, indicating that the phosphosugar stress causes a global translational effect ( Fig. 2A , lanes 1-6). The total proteins were also subjected to IP assay with anti-FLAG beads. The proteins bound to the beads were analyzed by SDS͞PAGE followed by autoradiography. A significant amount of 35 S-IICB Glc was detected in all three strains when exposed to glucose ( Fig. 2 A, lanes 7, 9, and 11). On the other hand, the amount of 35 S-IICB Glc was markedly reduced in rne-HA cells ( Fig. 2 A, lane 8) but not in cells lacking SgrS ( Fig.  2 A, lane 12) when exposed to ␣MG. These results imply that the stress-induced SgrS efficiently inhibits the translation of ptsG mRNA. Importantly, a significant reduction of 35 S-IICB Glc was also observed in rne701 cells exposed to ␣MG (Fig. 2 A, lane 10) . Fig. 1 . The SgrS-mediated repression of IICB Glc occurs without recruitment of RNase E to the ptsG mRNA. (A) Effect of short-term phosphosugar stress on ptsG mRNA. TM338 (rne-FLAG), TM339 (⌬pgi rne-FLAG), TM528 (rne701-FLAG), and TM525 (⌬pgi rne701-FLAG) were grown in LB medium to A 600 ϭ 0.5. To each culture, 0.4% glucose was added, and incubation was continued for 20 min. Total RNAs were prepared, and each RNA sample (10 or 5 g) was subjected to Northern blotting with ptsG or sgrS probes. (B) Effect of long-term phosphosugar stress on ptsG mRNA. Cells were grown in LB medium to A 600 ϭ 0.1. To each culture, 0.4% glucose was added, and incubation was continued for 2 h. Total RNAs were prepared, and each RNA sample (10 g) was subjected to Northern blotting with ptsG probe. (C) Effect of long-term phosphosugar stress on IICB Glc expression. Cells were grown in LB medium to A600 ϭ 0.1. To each culture, 0.4% glucose was added, and incubation was continued for 2 h. Crude extracts were prepared, and each protein sample corresponding to 0.04 A 600 was loaded on the gel and subjected to Western blotting with anti-IIB Glc antibody. Fig. 2 . SgrS inhibits the translation of IICB Glc in the absence of the RNase E-dependent rapid degradation of ptsG mRNA. TM641 (nre-HA), TM642 (rne701-HA), and TM666 (rne-HA ⌬sgrS) harboring pPtsG-FLAG were grown until A 600 ϭ 0.4 in M9 -0.4% glycerol medium without methionine. To each culture, 0.01% glucose or ␣MG was added, and incubation was continued for 10 min. (A) Each culture was exposed to [ 35 S]methionine for 1 min and subjected to IP experiments as described in Materials and Methods. The crude extract (Total; lanes 1-6) and bound fraction (IP; lanes 7-12) corresponding to 0.04 or 0.12 A 600 unit, respectively, were analyzed by 12% SDS͞PAGE followed by autoradiography. (B) Total RNAs were prepared before the treatment with [ 35 S]methionine. Each RNA sample (0.5 or 5 g) was subjected to Northern blotting with ptsG or sgrS probe.
We also examined the effect of the addition of ␣MG on IICB Glc present before the stress by Western blotting. No significant reduction of IICB Glc level was observed in response to the addition of ␣MG, suggesting that phosphosugar stress and SgrS do not affect the stability of IICB Glc protein itself (data not shown).
We analyzed ptsG mRNA by Northern blotting under the same conditions used for the pulse-labeling experiment. As expected, the addition of ␣MG, but not glucose, caused both the induction of SgrS and the destabilization of the ptsG-FLAG mRNA in the rne-HA cells (Fig. 2B, lanes 1 and 2) . The destabilization of the ptsG-FLAG mRNA no longer occurred in rne701-HA cells despite normal induction of SgrS (Fig. 2B, lanes  3 and 4) . Neither the induction of SgrS nor the destabilization of the ptsG-FLAG mRNA occurred in rne-HA ⌬sgrS cells (Fig. 2B,  lanes 5 and 6) . These results indicate that the mRNA expressed from the plasmid-borne ptsG-FLAG gene is normally regulated by the stress-induced SgrS. Taken together, we conclude that SgrS down-regulates the IICB Glc expression by directly inhibiting its translation, and the rapid degradation of ptsG mRNA is not required for the translational repression.
Inactivation of RNase E Does Not Affect the Translational Inhibition by
SgrS. To confirm the conclusion mentioned above, we examined the effect of inactivation of RNase E on the translational inhibition of ptsG mRNA by SgrS. The ptsG-FLAG allele was moved to the ams1 strain that expresses a temperature-sensitive RNase E. The resulting strain was grown in M9-glycerol medium without methionine at 30°C to the midlog phase. Either glucose or ␣MG was added to the culture and incubation was continued for 20 min at either 30°C or 42°C. Then, the cells were treated with [
35 S]methionine for 1 min. Total proteins were prepared and immunoprecipitated by using anti-FLAG beads. Total RNAs were also prepared from cells before treatment with [ 35 S]methionine and subjected to Northern blotting. Both 35 S-IICB Glc and ptsG-FLAG mRNA were detected when exposed to glucose, whereas the amount of 35 S-IICB Glc , but not the ptsG mRNA, was markedly reduced when exposed to ␣MG (Fig. 3) . We also confirmed that the induction of SgrS occurs normally in the ams1 strain under the stress condition (Fig. 3B) . These results again indicate that the RNase E-dependent rapid degradation of ptsG mRNA is not required for the translational repression mediated by SgrS.
The Rapid Degradation of ptsG mRNA Mediated by SgrS Occurs in the
Absence of Translation. We showed previously that the rapid degradation of ptsG mRNA mediated by SgrS occurs efficiently even when its translation is slowed down by introducing a point mutation in the Shine-Dalgarno sequence (6) . This finding suggested that the mRNA destabilization effect of SgrS is independent of translation. To test whether this is the case, we examined the effect of blocking translation on SgrS action. We first confirmed by Northern blotting that SgrS is efficiently induced, resulting in the rapid degradation of ptsG mRNA after the addition of ␣MG to the wild-type strain growing in LB medium (Fig. 4, lanes 1 and 2) . Next, wild-type cells were grown in LB medium and treated with kasugamycin to block translation initiation. The antibiotic kasugamycin is known to inhibit the initial step of translation (14) . In fact, the kasugamycin treatment completely inhibited cell growth (data not shown). Then, cells were exposed to either glucose or ␣MG for 20 min. Total RNA was prepared and subjected to Northern blotting. The full-length of ptsG mRNA was still detectable even after treatment with kasugamycin in the presence of glucose (Fig. 4, lane 3) . Importantly, kasugamycin affected neither the induction of SgrS nor the rapid degradation of ptsG mRNA in the presence of ␣MG (Fig. 4, lane 4) . These results suggest that SgrS may act to destabilize the ptsG mRNA in the absence of translation.
Physiological Roles of the Translation Inhibition and Destabilization of
ptsG mRNA Under the Stress Condition. The physiological relevance of the down-regulation of ptsG mRNA by SgrS under the stress condition would be to prevent the accumulation of potentially toxic metabolic intermediates. In fact, we demonstrated previously that the uptake of glucose causes a strong, but transient, growth retardation in pgi mlc cells in which IICB Glc protein is highly expressed before the cells are exposed to glucose, although how the accumulation of glucose-6-P causes growth inhibition remains to be studied (15) . To evaluate the physiological roles of the translational inhibition and destabilization of ptsG mRNA mediated by SgrS, we examined the effects of ⌬sgrS and rne701 mutations on cell growth under both normal and stress conditions. Cells were grown in LB medium containing glucose. The ⌬sgrS and rne701 mutations do not significantly affect cell growth in the pgi ϩ background (data not shown). On the other hand, the ⌬sgrS mutation induced a serious growth defect in the ⌬pgi background because of the metabolic stress caused by G6P accumulation (Fig. 5) . This observation is essentially consistent with the finding by Vanderpool and Gottesman (5) that cells lacking SgrS grew very slowly after the Wild-type IT1568 cells were grown in LB medium to OD 600 ϭ 0.3. Cells were exposed to kasugamycin (300 g͞ml) for 30 min, and then to either 0.4% glucose or ␣MG for 15 min. Total cellular RNAs were isolated and subjected to Northern blot analysis by using the ptsG or sgrS probe (lanes 3 and 4) . Total cellular RNAs were also isolated from cells exposed to glucose or ␣MG without kasugamycin treatment and subjected to Northern blot analysis (lanes 1 and  2) . Each RNA sample (10 or 5 g) was used to detect ptsG or sgrS mRNA.
addition of ␣MG. Thus, the down-regulation of ptsG mRNA mediated by SgrS is an important cellular response to the metabolic stress. We also examined the effect of the rne701 mutation on cell growth in the ⌬pgi background. Interestingly, the rne701 mutation caused a moderate growth inhibition in ⌬pgi background (Fig. 5) , which suggests that the rapid degradation of ptsG mRNA also plays some physiological roles under the stress condition, presumably by rapidly removing the translationally repressed mRNAs.
RyhB-Mediated Gene Silencing of sodB Occurs in Cells Carrying the
Truncated rne Gene. The studies on the ptsG mRNA silencing by SgrS strongly suggests that RyhB-mediated gene silencing of sodB also occurs in cells carrying the truncated rne gene. To determine whether this is the case, we first modified the plasmidborne sodB gene to encode SodB-2xMet-FLAG protein in which two methionine sequences and a FLAG sequence were attached to the C terminus of SodB. The addition of 2xMet is to enhance its labeling with [ 35 S]methionine because the wild-type SodB protein does not contain any internal methionine residues. This plasmid was introduced into three different strains (rne-HA, rne701-HA, and ⌬ryhB rne-HA). Cells were grown in M9-glycerol medium containing 10 M FeSO 4 without methionine and treated with 2,2Ј-dipyridyl for 10 min to deplete Fe 2ϩ . As shown in Fig. 6A , upon the addition of 2,2Ј-dipyridyl, RyhB RNA was induced, resulting in the destabilization of sodB mRNA. The degradation of sodB mRNA was essentially suppressed in the ⌬ryh B strain or the rne701-FLAG strain (Fig. 6A, lanes 3-6) . These results are consistent with the previous data and suggest that RyhB destabilizes the sodB mRNA by recruiting RNase E to the message (7, 9) . To test whether RyhB RNA inhibits sodB translation, the biosynthesis of SodB-2xMet-FLAG protein was examined by pulse-labeling and IP experiments. After the addition of 2,2Ј-dipyridyl, cells were treated with [ 35 S]methionine for 1 min. The total proteins (Fig. 6B, lanes 1-6) and proteins bound to the anti-FLAG beads (Fig. 6B, lanes 7-12) were analyzed by SDS͞PAGE followed by autoradiography. A significant amount of 35 S-SodB-2xMet-FLAG was detected in all three strains without treatment with 2,2Ј-dipyridyl (Fig. 6B, lanes 7, 9,  and 11 ). On the other hand, the amount of 35 S-SodB-2xMet-FLAG was markedly reduced in wild-type cells but not in cells lacking RyhB when treated with 2,2Ј-dipyridyl (Fig. 6B, lanes 8  and 12) . This finding implies that the stress-induced RyhB efficiently inhibits the translation of sodB mRNA. The reduction of 35 S-SodB-2xMet-FLAG was also observed in rne701 cells exposed to 2,2Ј-dipyridyl (Fig. 6B, lane 10) . These results imply that RyhB down-regulates SodB expression by directly inhibiting its translation, and the rapid destruction of sodB mRNA is not required for the reduced synthesis of SodB.
Discussion
The major finding in the current study is that the downregulation of target mRNAs by sRNP containing SgrS or RyhB occurs without the RNase E-dependent rapid degradation of mRNAs (Figs. 1, 2, 3, and 6 ). In other words, sRNP-mediated translational repression of target mRNAs can occur independently from message destabilization, which has led us to conclude that direct translational repression is sufficient for gene silencing by sRNP. We also showed that sRNP-mediated mRNA destabilization is probably an independent process from translational repression although both events occur simultaneously in normal cells in which sRNP consisting of a small RNA, Hfq, and RNase E is formed (Fig. 4 ). Although it is still possible that the rapid degradation of mRNAs mediated by sRNP containing SgrS or RyhB contributes to some extent to overall gene silencing, one possible role of the rapid destabilization of target mRNAs by sRNP is to eliminate translationally inactive mRNAs to make gene silencing irreversible. We also observed that the Fig. 5 . Effect of C-terminal truncation of RNase E and the sgrS deletion on the cell growth. Overnight cultures of TM339 (⌬pgi rne-FLAG), TM525 (⌬pgi rne701-FLAG), and TM671 (⌬pgi rne-FLAG ⌬sgrS) were 100-folded diluted and grown in LB medium containing 0.4% glucose. Cell growth was monitored by measuring OD at 600 nm. Fig. 6 . RyhB inhibits the translation of SodB in the absence of the RNase E-dependent rapid degradation of sodB mRNA. TM641 (nre-HA), TM642 (rne701-HA), and TM667 (rne-HA ⌬ryhB) harboring pTM31 (pSodB-Met 2-FLAG) were grown until A600 ϭ 0.4 in M9 -0.4% glycerol medium containing 10 M FeSO4 without methionine. Then, 250 M 2,2Ј-dipyridyl was added to each culture, and incubation was continued for 10 min. (A) The cellular RNAs were prepared, and each RNA sample (0.5 or 5 g) was subjected to Northern blotting with sodB or ryhB probe. (B) Each culture was treated with [ 35 S]methionine for 1 min and subjected to IP experiments as described in Materials and Methods. The crude extract (Total; lanes 1, 2) and bound fraction (IP; lanes 3, 4) corresponding to 0.02 and 0.04 A 600 unit, respectively, were analyzed by 15% SDS͞PAGE followed by autoradiography.
prolonged exposure to phosphosugar stress significantly reduces the expression of ptsG mRNA. This observation simply suggests that a particular mRNA becomes susceptible to degradation without small RNA-mediated recruitment of RNase E whenever its translation is blocked. In other words, sRNP-independent mRNA destabilization may be coupled with translational repression. We depict a model concerning the mechanism of sRNP in Fig. 7 that incorporates these observations. Several Hfq-binding small RNAs, such as MicF and OxsS, are known to act to inhibit the translation of target mRNAs (2, 3) . It is apparent that many uncharacterized Hfq-binding small RNAs also act to inhibit the translation of target mRNAs. For example, it has reported recently that one of the uncharacterized Hfq-binding small RNAs, MicA͞SraD, is involved in silencing of a target ompA mRNA by inhibiting its translation through base-pairing (16, 17) . It remains to be studied whether these RNAs form ribonucleoprotein complexes with RNase E through Hfq to destabilize the target mRNAs. However, if so, it is highly possible that the present conclusion regarding the relationship between translational repression and mRNA degradation is applicable to the mechanism of other Hfq-binding small RNAs because these RNAs apparently base-pair with the translational initiation region of target mRNAs. An interesting question is whether sRNP is able to down-regulate the target mRNA primarily through mRNA destabilization. This mechanism would be theoretically possible if base-pairing does not occlude the translation initiation region.
Our finding regarding the relative contribution of translational repression and mRNA degradation to gene silencing caused by sRNP could be relevant to the mechanism of gene silencing mediated by eukaryotic microRNA (miRNA)͞RNA-induced silencing complex (RISC). The prevailing view for gene regulation by miRNA͞RISC is that partial base-pairing between a miRNA and its target mRNA results in translational repression without mRNA degradation, whereas perfect base-pairing between two RNAs induces mRNA degradation (18) (19) (20) . However, this view has been challenged recently (21, 22) . In particular, it should be noted that the founding members of miRNA, Caenorhabditis elegans lin-4 and let-7, have been shown to result in degradation of target mRNAs despite the fact that they can 
